Discrimination, the ability to distinguish sensory stimuli and respond accordingly, is a critical factor underscoring optimal foraging decisions. Nevertheless, little is known about how mammals discriminate between apparently similar foods of different quality. Here, we compared the foraging behavior of Chinese white-bellied rats, Niviventer confucianus, and Edwards's long-tailed giant rats, Leopoldamys edwardsi, under natural conditions in the field and in a captive enclosure without predation/competition. We examined the behavioral processes involved in discriminating between sound (i.e., undamaged) and insect larvae-infested nuts of seguin chestnuts (Castanea seguinii) and demonstrated that both rats could discriminate nut quality, where nut examination improved the rats' success rate at selecting sound nuts. Despite similar extents of discrimination-derived benefit in both settings for each species, differences between species-specific discrimination processes were identified. Chinese white-bellied rats engaged in a higher relative frequency and longer duration of nut examination in the enclosure than in the wild. This indicates that they alter their feeding strategy to trade-off selection for nut quality in captivity for a quantity-driven strategy in the field. In contrast, giant rats showed a consistent relative frequency of nut examination in both experimental settings. Their fixed strategy balanced food quality and quantity primarily to maximize caloric uptake without compromise when faced with predation or competition risk. We posit that this behavioral difference in optimal foraging between rat species is mediated by their differing, size-dependent energetic requirements as well as the higher competition pressure and predation risk faced by the approximately 8 times smaller whitebellied rats.
INTRODUCTION
The ability to forage optimally is central to an animal's survival and fitness (Pyke 1984) . Optimal foraging theory defines the "currency" of foraging as energetic gain, where the ability of an animal to maximize caloric intake arises not just from capitalizing on the quantity of food it consumes (or caches) but also on food quality. In turn, foraging strategy is subject to environmental "constraints", such as energy expended in food acquisition, and risks from intraspecific competition and/or predation while foraging (Schoener 1971; Stephens et al. 2007 ). Consequently, to pursue an optimal foraging strategy adapted to these conflicting factors, animals must be able to perceive, assess, and remember relevant criteria indicative of nutritional value and then discriminate according to foraging risks (Rowe 1999; Arvidsson and Matthysen 2016) .
The literature on optimal foraging theory is extensive and diverse (Stephens and Krebs 1986; Stephens et al. 2007) . Observations in granivorous birds, for example, show that many species distinguish seeds based on size and shape and choose larger and easier to open seeds to maximize energy intake rate (Díaz 1996) . The handling time required to prepare and consume food items can, however, impinge on net energy return and thus can affect the optimal choice of consumed foods (e.g., brown rats, Kaufman and Collier 1981) as well as seed caching behavior (e.g., Edward's long-tailed rats, Chang et al. 2010) . Nonetheless, to our knowledge, little research has explicitly considered the processes involved in how consumers assess the nutritional quality, rather than the size or accessibility, of individual food items. More complex discrimination behaviors are likely to be involved particularly where the criteria for quality assessment are cryptic and based on characteristics other than simply the size of individual food items or patches. This is of considerable importance to granivores, where seeds, nuts, and so on can, superficially, look intact and nutritious and yet have their cotyledons hollowed out within their indehiscent shell, due to insect larvae infestation or decay (Manzur and Courtney 1984; Sallabanks and Courtney 1992) . This issue is less problematic for the consumption of vertebrate prey (noting potential cryptic risks of pathogen exposure), foliage, fruits, and so on, where poor or degraded quality is readily apparent (Sallabanks and Courtney 1992) . Clearly, if a granivorous animal eats inferior seeds/nuts without discriminating them from intact, nutritious ones, it either lacks the ability to discriminate seed/ nut quality or else some extrinsic factor (e.g., predation risk) prevents it from exercising discretion (Bateson et al. 2003; Fam et al. 2015) . Compromise to competent discrimination ability, based on the cogent assessment of risk factors, causes a transition from maximal to optimal feeding strategies (Schoener 1971; Taghon 1981) .
Hypothetically, three granivorous foraging strategies may result in maximal caloric return: 1) acquiring as many seeds as possible, regardless of quality (i.e., "Acquire Maximum Quantity" strategy); 2) collecting only high-quality (i.e., sound) seeds, regardless of the quantity (i.e., "Acquire High-Quality" strategy); and 3) balancing seed quality and quantity (i.e., "Balancing" strategy). The "Acquire Maximum Quantity" strategy is not simply an opportunistic strategy, per se, because it can still involve a selective strategic choice, and not arise as an ad hoc, suboptimal response to feeding conditions (Holt and Kotler 1987) . Similarly, the "Balancing" strategy is not nonselective, because it reflects a trade-off between time taken to discriminate nut quality versus the reduced nutritional value of an infested nut. These strategies expose foragers to different extrinsic risks that can affect the optimality of each feeding strategy, such as predation, as well as intra-and interspecific competition. We predict that 1) the "Acquire Maximum Quantity" strategy should be optimal when discrimination (i.e., seed examination) is time consuming or perceived as dangerous (e.g., due to high predation risk and competitive pressure); 2) the "Acquire High-Quality" strategy should be optimal if risk factors are negligible, allowing the animal to devote time to discrimination; otherwise 3) the "Balancing" strategy should be optimal.
Previous studies investigating seed choice in rodents have tended to focus exclusively on whether seeds were cached/eaten or rejected (Steele et al. 1996; Muñoz and Bonal 2008; Perea et al. 2012a Perea et al. , 2012b and have not elaborated on the choice involved in discrimination. Here, we conducted a full behavioral analysis of the processes involved in food choice by experimentally manipulating predation pressure and conditions of food competition. We used 2 different quality categories (sound vs. insect larvae-infested nuts) of seguin chestnuts (Castanea seguinii), which are important natural food sources for rodents in Shennongjia Natural Reserve, Hubei Province, central China.
Chestnuts were presented to 2 rodent species, Chinese whitebellied rats (Niviventer confucianus, mean body weight 57.1 g; Zhou et al. 2011 ; henceforth referred to as white-bellied rat) and Edwards's long-tailed giant rats (Leopoldamys edwardsi; mean body weight 459.5 g; Zhou et al. 2011 ; henceforth referred to as giant rat), which are major seed predators and dispersers among the indigenous rodent community in this study area (Zhong 2012) . In Shennongjia, rats are subject to predation by various carnivores (e.g., leopard cat, Prionailurus bengalensis, and yellow-throated marten, Martes flavigula) and raptors (e.g., golden eagle, Aquila chrysaetos, and collared owlet, Glaucidium brodiei; Zhou et al. 2011 Zhou et al. , 2013 . These 2 rat species also compete within a diverse rodent guild (Zhong 2012) likely to influence feeding strategies (Stephens and Krebs 1986; Stephens et al. 2007 ). Consequently, we predict that smaller white-bellied rats might be more vulnerable to predation and/or competition risk than giant rats, potentially determining different optimal foraging strategies between rat species.
Furthermore, mass exponential scale laws dictate that smaller mammals require more energy per unit mass than larger ones while having less reserves and a greater predisposition for starvation (e.g., Feldman and McMahon 1983) . This causes us to further predict that giant rats might exhibit a more resilient foraging strategy than smaller white-bellied rats. Similarly, because selection pressures shape male-biased sexual size dimorphism in rodents (Fairbairn et al. 2007; Schulte-Hostedde 2007) , we also predict that smaller females might need to discriminate nut quality more carefully, whereas larger males might ideally harvest as many seeds as possible to fulfill their higher nutritional requirements.
To test these predictions, we examined nut discrimination behavior under 2 different treatment regimes: in the field, subject to predation and competition, and in a captive enclosure that eliminated actual predation and competition risk. This design enabled us to investigate: 1) whether the 2 rat species discriminated between sound and insect larvae-infested nuts to different extents; 2) whether there was any relationship between the time spent examining nuts, or the frequency with which nuts were examined, and the rate at which sound nuts were consumed preferentially; 3) whether male and female rats exhibit different abilities to discriminate nut quality; and 4) how the experimental treatment (absence of predators and competitors in captivity) affected behavior associated with nut discrimination. We then contextualize how discrimination contributes mechanistically to our understanding of the broader optimal foraging paradigm.
METHODS

Study area
This study was conducted at the National Field Research Station for Forest Ecosystems of Shennongjia (henceforth referred to as NFRS), Hubei Province, in Central China (31°19′N, 110°29′E) . This site lies in the transitional belt between middle and northern subtropical zones and is characterized by 4 distinct seasons, including a hot, humid summer (June-August, monthly mean temperature > 25 °C, monthly mean precipitation >250 mm) and a cold winter (December-February, monthly mean temperature <−4 °C; Zhao et al. 2005) . Vegetation is comprised of mixed evergreen and deciduous broad-leaved forest, including many nut-bearing species such as Castanea spp., Quercus spp., Cyclobalanopsis spp., and Fagus spp. (Zhao et al. 2005) . Thirty-one species of Rodentia have been reported for NFRS (Li et al. 2003 ; Zhou Y, unpublished data), of which many (e.g., Niviventer spp., Leopoldamys spp., Apodemus spp., and Typhlomys cinereus) rely on nuts as an important food source (Zhong 2012) .
Study species and nut collection
Both white-bellied rats and giant rats breed from April to August in this study area and are omnivorous, consuming primarily seeds/ acorns during the autumn (Cheng and Zhang 2011; Chen et al. 2014) . Due to the scarcity of food during cold winter months, they cache these seeds/nuts in autumn for overwintering.
The seguin chestnut is a deciduous tree that grows up to 12 m in height. It flowers from May to July and produces nuts from September to November (Chen and Huang 1998; Chen W, unpublished data) . As the nuts mature, they are vulnerable to insect infestation, especially chestnut weevils (e.g., Curculio elephas). Adult female weevils drill a hole through the cupule and shell and lay eggs inside the maturing nut, but it is still attached to the tree. After hatching, the larvae feed on the cotyledon for 20-30 days, reducing the nut to a few remaining chips and weevil excreta, and then emerge once the chestnut has fallen to the ground by drilling a hole (1-1.5 mm in diameter) through the shell (Metaxas 2013) .
For this study, we collected fallen chestnuts from the ground under 20 fruiting trees. These chestnuts were either still within their prickly cupule, or the calybia (i.e., the nuts) were exposed by the cupule splitting open naturally. In our feeding experiments, we removed any remaining cupules and provisioned rats only with nuts. We determined nut quality using water floatation combined with visual inspection (Bonal et al. 2007; Perea et al. 2012a) . Buoyant nuts, which were assumed to be empty (and thus devoid of any nutritional value), were discarded. Nuts that sank were divided into either sound nuts with intact shells or insect larvae-infested nuts, where emergence holes in the outer shell were apparent (Figure 1 ). After sorting, all nuts were stored at 4°C until used in the feeding experiments.
Field experiments
Field preference trials were conducted in an unfenced 1 ha sample plot of natural forest at NFRS. A total of 30 nut provisioning stations were set up along 6 transect lines (5 stations per transect, spaced 10 m apart) and were observed over 3 nights, with 10 stations baited per night. At each nut station, 3 sound and 3 infested nuts were provisioned 30 min before sunset (approximately 17:30). These 6 chestnuts were set equidistant along the perimeter of a 10 cm radius circle, alternating between sound and infested nuts (Supplementary Material, Supplementary Figure S1 ). Each nut was attached to a numbered plastic tag (length × width: 3.6 × 2.5 cm) with a 10 cm long thin stainless steel wire tether, which allowed us to follow the fate of dispersed nuts (Xiao et al. 2006) . Previous research has shown that such wire tethers tend not to affect rat foraging behavior, and we did not detect any differences in the way rats handled tethered nuts compared with loose nuts in their cages (Xiao et al. 2006; Hirsch 2012) . All experiments were filmed under infrared illumination, throughout the night (17:00-7:00), using video cameras (Sony FCB-AF216X), and video files were stored for subsequent analyses.
Captive enclosure experiments
To minimize the effects of interindividual variation in experience and learning on nut discrimination and optimal foraging decisions (Muñoz and Bonal 2008) , we used wild-caught white-bellied rats and giant rats (species identification according to Smith and Xie 2009) for follow-up enclosure experiments during the chestnut fruiting season. We caught rats in wire cage traps (length × width × height: 30 × 15 × 15 cm; mesh size: 2 cm) baited with peanuts and provided with hay as bedding material. We used only nonreproductive adults (10 males and 10 females of each species) in these trials. Any additional rats caught were released immediately.
Captured rats were transferred to the rodent housing facility at the NFRS, where each rat was caged individually (length × width × height: 45 × 35 × 20 cm, provided with 5 cm deep sawdust) for 1-2 weeks prior to the trials, to habituate them to captive conditions (i.e., absence of predators, no intra-or interspecific competition for food). These holding cages were kept indoors under a natural photoperiod, and with no visual contact among individuals, to avoid stress. We provided each rat with a diet of pelleted commercial lab rat diet (Keaoxieli Feed Ltd, Beijing, China), supplemented with seeds from wild Quercus aliena var. acuteserrata and Carya cathayensis. Food and drinking water were supplied ad libitum. All rodents were used in the nut choice experiment only once and were in good health during the experiment and gained weight in captivity (paired t-test: white-bellied rats: 48.6 ± 1.4 g vs. 49.8 ± 1.2 g, t = −1.892, P = 0.074; giant rats: 473.6 ± 14.1 vs. 479.2 + 13.4 g, t = −1.757, P = 0.095). At the conclusion of the experiments, we released all animals back into the wild at their respective sites of capture.
Captive enclosure experiments were conducted during nights without wind and/or rain. Individuals were released singly into the enclosure (length × width × height: 10 × 10 × 1.5 m) 1 day before the commencement of the feeding experiment, for habituation. A deep hole of 10-12 cm diameter by 40-60 cm, filled with sawdust, was provided as rat nest in one corner of the enclosure to provide shelter. In the middle of the enclosure, a feeding station (following the same design as used in the wild) was set up to present nuts according to the same methodology as in the field experiments. Experiments were run in duplicate each night (2 rats; 2 enclosures), yielding 40 captive enclosure experimental trials over 20 nights. In the morning following each trial, we searched for plastic tags, and at least one nut was left on the ground or cached in the nest per trial. After each trial, we changed the sawdust in the nest and cleaned the nest with water to minimize site-specific odor cues for previous test subjects and also retrieved all plastic tags and uneaten nuts (Brouard et al. 2015) . Behavioral data were recorded in the same way as in the field experiments. 
Behavioral analyses
In the field experiments, we recorded all rodent species visiting focal feeding stations, as evident from videos. These included giant rats, Niviventer spp., and Père David's voles (Eothenomys melanogaster). There are three species of Niviventer in the study region; N. confucianus, N. andersoni and N. fulvescens; however, it was not possible to discriminate them reliably from video footage. Nevertheless, N. confucianus density is known to exceeded that of other 2 sympatric Niviventer spp. by nearly 25-fold (Zhong 2012) , thus N. confucianus are the major seed predators and dispersers (Chang and Zhang 2011; Zhong 2012) in Shennongjia. We therefore assumed almost all Niviventer spp. present in the videos to be N. confucianus (i.e., white-bellied rats).
From video footage, we saw 3 initial responses at the feeding stations; rats were seen to: 1) just pass by without paying attention to any of the nuts, 2) harvest nuts immediately without any prior quality discrimination, or 3) engage in nut examination. For our purposes, an interaction with a nut was defined as "initiated" once a rat sniffed or touched that nut. Failure to then take the nut thus typically evidenced deliberate rejection; although in a few instances, rats did not harvest a nut even after sniffing and/ or touching it, probably due to external disturbance (e.g., presence of predators or competitors). We defined the examination process as sniffing nuts and rolling nuts over before they were harvested (see details in the Supplementary Material: "Behavioral definition", Supplementary Figure S1 and Supplementary Table S1 ). We defined a nut as having been harvested once it was either eaten in situ or carried away from the feeding station.
Statistical procedure
To demonstrate that there was no nut type-related bias in the probability of a rat encountering a nut, we fitted generalized linear mixed model (GLMM) with a binomial distribution (GLMMb), incorporating the nut type and rat species as explanatory variables. When a nut was encountered, we used a GLMMb to test whether nut type and rat species affected the probability of nut evaluation and harvesting.
To assess whether rats could discriminate between sound and infested chestnuts (i.e., discrimination ability), we checked the fates of 6 nuts at each feeding station (field or enclosure) in terms of 2 parameters: "nut choice" and "proportion of sound nuts" (Table 1) . "Nut choice," defined as whether a sound or infested nut was ultimately harvested by the approaching rat (1/0-binary data), was analyzed using GLMMb, with rat species, behavioral type (i.e., with or without examination), and harvesting order (i.e., the order in which sound vs. infested nuts were harvested) included as fixed factors. Differences in the fate of the "proportion of sound nuts" between rat species and in relation to nut harvesting behavior were analyzed by fitting a weighted regression, achieved using a 2-vector object, combining the number of sound and infested nuts harvested prior to all sound nuts being harvested in one nightly trial.
The frequency and duration of nut discrimination behavior were measured at 2 levels: per foraging bout (i.e., from rats entering the monitoring area to harvesting a nut or leaving the monitoring area without harvesting a nut) and at the individual nut level. For each foraging bout, we recorded 2 parameters: "relative examination frequency" and "duration of examination" (Table 2 ). In the analysis of "relative examination frequency," we used a weighted regression, with rat species as a fixed factor, where the weighing was achieved by combining examination and non-examination frequency as the dependent variable. The "duration of examination," defined as the time elapsed (in seconds) between the rat starting to sniff and/or touch a nut and the rat attempting to either move or eat one of the nuts, was examined using a GLMM following a gamma distribution (GLMMg), with rat species and examination order (i.e., the order in which the examination behavior occurred) included as predictor variables. At the individual nut level, we further examined whether there were nut type-related variances in the frequency and time of nut examination using a GLMM with a Poisson distribution (GLMMp) and GLMMg, respectively (Table 3) .
In addition, we checked whether the duration of examination or the time spent in examining a single nut would influence the probability whether a sound or infested nut would be harvested by rats with GLMMb. In the field experiments, rat sex could not be identified from the video, we thus only added rat sex as one of explanatory variables in the analyses of the enclosure experiment. The variations in foraging behavior between captive enclosure and field trials were analyzed by including "experimental treatment" as an explanatory variable in generalized linear models (GLM).
All statistical analyses were performed in R version 3.3.1 (R Development Core Team 2016). For GLMMs, the feeding station and individual rat ID were incorporated as random effects in the analysis of both the field and enclosure trials (using the "glmer" function in "lme4" package; see Supplementary Table S2 for variance estimates and standard deviation of random effects). GLMMs were tested for overdispersion using overdisp_fun (Bolker et al. 2009 ), whereas GLMs were tested for overdispersion using the chisquare approximation of residual deviance. When overdispersion was detected, we corrected standard errors using a quasi-binomial model for binary and proportional data ("glmmPQL" function in "MASS" package) and fitted a negative binomial regression model (NB) for count data ("glm.nb" function in "MASS" package, or "glmer.nb" in "lme4" package; Ver Hoef and Boveng 2007; Zuur et al. 2009 ). For all analyses, we tested only the main effects when no significant differences were detected for interaction terms, and only the significant interactions were reported in the results.
RESULTS
In this study, we provided a total of 420 nuts in the combined 30 field and 40 enclosure experimental trials. Over the 966 h of surveillance footage recorded, we observed 534 effective behavioral observations of foraging behavior, including 328 instances of foraging behavior with nut examination (field: 91, enclosure: 237) and 206 without examination (field: 101, enclosure: 105), in addition to 9 observations of passing nuts without noticing them (Supplementary Table S1 ).
Field experiments
Of the 180 nuts presented in the field experiments, wild boar (Sus scrofa) ate all nuts at 2 feeding stations (n = 12: 2 sets of 6 nuts). Analyses thus apply to the fate of the remaining 168 nuts from 28 feeding-stations. These nuts received 192 visits: white-bellied rats (n = 74), giant rats (n = 110), Père David's voles (n = 4), and 4 visits where it was not possible to determine the rodent species involved unambiguously. When rats entered feeding area, the probability of encountering a nut did not relate to the nut type (GLMMb: χ 2 = 1.111, P = 0.292) and species (GLMMb: χ 2 = 1.174, P = 0.279). The probability of a rat evaluating the nut encountered was also not affected by nut type (quasi-GLMMb: χ 2 = 0.703, P = 0.402) or rat species (quasi-GLMMb: χ 2 = 1.635, P = 0.201). However, nut type had a significant influence on whether a nut was harvested (quasi-GLMMb: χ 2 = 10.317, P = 0.001), with sound nuts having a higher probability of being harvested (82.07%) than infested nuts (55.96%, Figure 2a) , and this did not differ between rat species (quasi-GLMMb: χ 2 = 0.553, P = 0.457). These findings indicate that, although rats experienced no bias for encountering sound and infested nuts, they did show a significant preference for harvesting sound nuts.
With regard to the order of harvesting nuts, both white-bellied rats and giant rats exhibited a statistically significant preference for sound nuts (Table 1, Figure 3a) . For both species, the overall likelihood of sound nuts being harvested was statistically greater after examination (with examination: 68.17%, without examination: 37.52%; Table 1 ). Restricting analyses to include only those visits prior to all sound nuts having been harvested, the proportion of sound nuts harvested was affected significantly by nut examination (with examination: 86.54%, without examination: 57.35%; Table 1, Figure 4) ; again there was no difference in this regard between white-bellied rats and giant rats (Table 1) .
For each foraging bout, relative examination frequency did not differ significantly between rat species (Table 2, Figure 5 ). If nuts were examined, there was no significant difference in the amount of time each species invested (2.85 ± 0.29 s; Table 2 ). Interestingly, the duration of examination did not affect nut choice (GLMMb: χ 2 = 0.069, P = 0.793), indicating that the probability of a sound nut being harvested in each foraging bout did not improve with greater exanimation time.
At the individual nut level, nut examination frequency and duration did not differ according to nut type or between rat species and nut type (Table 3) . For both rat species, time spent examining each sound nut had a significant positive influence on the probability of whether it was harvested (GLMMb: χ 2 = 4.526, P = 0.033; Figure 6 ), while the time spent examining each infested nut did not affect the probability of it being harvested by either rat species (GLMMb: χ 2 = 0.350, P = 0.554). 
Captive enclosure experiments
When rats entered the feeding area, the probability of encountering a nut was not affected by the nut type (GLMMb: χ 2 = 0.014, P = 0.905) or sex (GLMMb: χ 2 = 0.584, P = 0.445), but giant rats encountered nuts with significantly higher probability (96.86%; GLMMb: χ 2 = 8.199, P = 0.004) than did white-bellied rats (87.86%). Given that a nut was encountered, the probability of evaluating that nut was significantly higher for white-bellied rats (82.93%) than for giant rats (45.7%; GLMMb: χ 2 = 19.566, P < 0.001), but not affected by the nut type (GLMMb: χ 2 = 0.023, P = 0.879) or sex (GLMMb: χ 2 = 3.834, P = 0.05). The probability of whether the nut encountered was harvested was significantly affected by nut type (GLMMb: χ 2 = 33.423, P < 0.001) and rat species (GLMMb: χ 2 = 18.781, P < 0.001), but not by sex (GLMMb: χ 2 = 3.437, P = 0.064). Giant rats had a higher probability of harvesting the nut encountered than white-bellied rats, and both rat species tended to harvest sound nuts with higher probability than infested nuts (Figure 2b ). These findings indicate that although there was no bias in encounter rates between sound and infested nuts, and although both species showed a significant preference for sound nuts, white-bellied rats proved more selective for nut quality. The combined analysis of the order of havested nuts showed that both sexes of both species harvested sound nuts preferentially, with statistical significance (Table 1, Figure 3b ). This was attributable to nut examination, which increased the overall probability of sound nuts being harvested significantly (with examination: 72.16%, without examination: 36.54%; Table 1 ). Nut examination also significantly improved the chances of rats selecting sound over infested nuts (with examination: 90.93%, without examination: 57.28%; Table 1, Figure 4 ), prior to all sound nuts being taken. This did not differ between species or sexes (Table 1) .
Although both sexes of both rat species displayed a strong ability to discriminate between sound and infested nuts, white-bellied rats and giant rats exhibited distinctly different behavioral processes in each foraging bout in the enclosure, with white-bellied rats examining nuts significantly more (80.57%) than giant rats (47.38%; Table 2, Figure 5 ). Relative examination frequency did not differ significantly between males and females for either species (Table 2) . In instances where nuts were examined, all rats invested similar amounts of time (3.20 ± 0.14 s), independent of species, sex, and examination order ( Table 2 ). The duration of examination did not affect nut choice (GLMMb: χ 2 = 0.530, P = 0.466), indicating that the probability of a sound nut being harvested by rats did not relate to the time rats spent examining nuts in each foraging bout. At the individual nut level, rat species, nut type, and their interactions (but not sex) affected the frequency of nut examination significantly (Table 3) . Overall, white-bellied rats tended to examine nuts more frequently than did giant rats (7.63 ± 1.03 vs. 3.38 ± 0.52). While white-bellied rats did not show any significant difference in the frequency of examining sound (7 ± 1.24) versus infested nuts (8.25 ± 1.67; GLMMp: χ 2 = 2.052, P = 0.152), whereas giant rats examined sound nuts less frequently (2.2 ± 0.28) than infested nuts (4.55 ± 0.94; GLMMp: χ 2 = 16.711, P < 0.001). If a nut was examined, the time spent examining each nut was affected significantly by the nut type and the interaction between rat species and nut type (Table 3) . For white-bellied rats, more time was spent examining a sound nut (2.04 ± 0.12 s) than an infested nut (1.56 ± 0.12 s; GLMMg: χ 2 = 9.791, P = 0.002), whereas giant rats spent a similar amount of time examining sound (1.87 ± 0.15 s) and infested nuts (1.99 ± 0.16 s; GLMMg: χ 2 = 1.052, P = 0.305). The time spent examining each sound nut had a slight positive effect on the probability of whether it was harvested by rats (quasi-GLMMb: χ 2 = 3.232, P = 0.072; Figure 6 ), whereas the time spent examining an infested nut did not affect the probability of harvesting (GLMMb: χ 2 = 0.16, P = 0.69).
Comparing field and enclosure trials
In contrast to the results from the enclosure in the field, no statistically significant differences were evident either in sound vs. infested nut choice (GLMb: white-bellied rat, χ 2 = 0.676, P = 0.411; giant rat, χ 2 = 0.003, P = 0.956) or in the proportion of sound nuts harvested (GLMb: with nut examination, χ 2 = 1.179, P = 0.278; without nut examination, χ 2 = 0.074, P = 0.785).
Trial type (field vs. enclosure) was, however, influential on the behavioral processes involved in each foraging bout for whitebellied rats, but not for giant rats. The relative frequency of nut examination by white-bellied rats was just 35.62% in the field, compared with 80.57% in the enclosure (quasi-GLMb: F = 22.027, P < 0.001; Figure 4 ), whereas for giant rats, the relative frequency of nut examination was not significantly different between field (47.09%) and enclosure trials (47.38%; quasi-GLMb: F = 0.001, P = 0.971; Figure 4 ). When nuts were examined, white-bellied rats spent less time on nut examination in the field (field: 2.09 ± 0.19 s, enclosure: 3.21 ± 0.17 s; GLMg: χ 2 = 14.343, P < 0.001), whereas giant rats spent similar amounts of time on nut examination in the field (3.29 ± 0.43s) and the enclosure (3.18 ± 0.24 s; GLMg: χ 2 = 0.025, P = 0.875).
At the individual nut level, trial type had a significant effect on the frequency with which sound (NB: χ 2 = 37.688, P < 0.001) and infested (NB: χ 2 = 23.07, P < 0.001) nuts were examined by white-bellied rats, and the frequency with which infested nuts were examined by giant rats (NB: χ 2 = 5.213, P = 0.022), with a lower frequency in the field than in the enclosure (Supplementary Material, Supplementary Figure S2 ). In contrast, the frequency with which sound nuts were examined by giant rats did not differ between the field and enclosure trials (NB: χ 2 = 1.305, P = 0.253). Compared with enclosure, white-bellied rats spent significantly less time on sound nut examination in the field (GLMg: χ 2 = 12.561, P < 0.001; Supplementary Material, Supplementary Figure S2) ; as did giant rats, but slightly below significance (GLMg: χ 2 = 3.400, P = 0.065; Supplementary Material, Supplementary Figure S2 ). For white-bellied rats, the time spent on infested nut examination was slightly shorter in field than in the enclosure (GLMg: χ 2 = 3.620, P = 0.057), whereas giant rats spent a similar amount of time in both trial settings (GLMg: χ 2 = 0.015, P = 0.901; Supplementary Material, Supplementary Figure S2 ).
DISCUSSION
The ability to discriminate intact from insect-infested seeds/nuts can affect nutrition substantially, and thus the survival and fitness of individuals in the context of their optimal foraging strategy (Pyke et al. 1977) . In turn, selectivity in seed-caching behavior causes ecological cascades with bearing on plant fitness and forest succession (Steele 2015; Owen 2016) . Previous studies have typically only recorded the ultimate fate of any seeds presented to rodents (Muñoz and Bonal 2008; Perea et al. 2012b) ; in those few instances when food selection was investigated, research has tended to focus on seed size (e.g., Price 1983), handling time required for food consumption (e.g., Kotler and Brown 1990) , or the caloric or nutritional value of different food items (e.g., Jensen 1993). These criteria do not, however, elucidate the exact mechanistic processes of food discrimination through seed/nut examination. Concordant with previous studies (Muñoz and Bonal 2008; Perea et al. 2012b) , in our study, we found that both white-bellied rats and giant rats were able to discriminate between sound and infested nuts andgiven the choice-opted for sound nuts. This was apparent from them taking predominantly sound nuts, whenever encountered first, as well preferentially harvesting sound nuts overall in both the field and the enclosure trials.
Furthermore, going beyond the general outcomes presented in previous studies, we found that whether nuts were examined or not had a significant effect on whether sound nuts were eaten preferentially. Specifically, examining the soundness of nuts improved the The effect of time spent examining each single sound nut on the probability of harvesting by rats in the field (left) and enclosure (right). Dotted lines show the 95% confidence intervals. Circles represent observed data. rats' success rate at selecting sound nuts from an expected 50%, if choices were made at random, to 86.54% in the field and 90.93% in the enclosure; that is, nut examination significantly enhanced the likelihood of acquiring high-quality food, because infested nuts, with an emergence hole, contain proportionally less cotyledon mass and thus offer a lower energy reward (Gálvez and Jansen 2007; Perea et al. 2012a ). Interestingly, the overall time spent on nut examination did not correlate with whether sound nuts were chosen successfully per foraging bout; however, the time spent examining a single sound nut was positively related to the probability of harvesting. This apparently contradicts speed versus accuracy trade-offs (i.e., fast, low-accuracy vs. slow, high-accuracy; Chittka et al. 2009 ), although rats can likely achieve complete accuracy in as little as 200 ms, corresponding to just one sniff (Uchida and Mainen 2003) . Furthermore, we recorded substantial variance in relative speed versus accuracy, both between individuals and even between the nut choices made by single individuals, suggesting the interplay of different, additional factors on determining absolute efficiency (Moiron et al. 2016) .
White-bellied rats are only an 8th of the size of giant rats, and mass exponential scale laws dictate that smaller mammals require more energy per unit mass than larger ones (Feldman and McMahon 1983) . Thus, small species tend to have more selective diets (Schmidt-Nielsen, 1984; Khokhlova et al. 1995) , whereas larger species tend to have more resilience to starvation, and thus time spent on food choice deliberation incurs less risk for them (Kooijman 1986 ). In the enclosure experiment-that is, in the absence of competition or predation (including the scents and sounds that would usually cue predators and competitors)-it was evident that whitebellied rats followed an "Acquire High-Quality" strategy to achieve 68.25% sound nuts (vs. the 50% under random harvest), by examining 80.57% of nuts. In comparison, giant rats consumed just 51.72% sound nuts-barely greater than the 50% expected under random choice and examined just 47.38% of nuts, consistent with a "Balancing" strategy. In the wild feeding experiment, although the nut selection strategy of giant rats did not differ significantly from captivity, white-bellied rats exhibited a clear change in strategy to examine just 35.62%, and their selection of sound nuts reverted to near equivalence with random chance at only 49.18%; that is, they followed the "Acquire Maximum Quantity" strategy in the wild.
We attribute this clear change in which foraging strategy proved optimal in white-bellied rats to the removal of the natural risks of competition and predation in the enclosure; they switched from the "snatch and grab" strategy that least exposes them to threats in the wild to a strategy in captivity that best allowed them to select highquality food in the absence of these threats. Similar modification of optimal foraging decisions in response to perceived predation pressure has also been reported in other rodent species (Lima and Valone 1986; Verdolin 2006 ). Due to their diminutive size, in the wild, white-bellied rats are much more vulnerable to interspecific competition than giant rats and are also predated upon by a wider variety of predators (Cohen et al. 1993) . Consequently, white-bellied rats devote more time to vigilance behaviors in the wild and avoid risk by urgently taking any nuts encountered back to protective cover (Brown 1999; Kotler et al. 2010) , without prior examination/discrimination (Orrock 2010; Sunyer et al. 2013) . Similarly, inter-and intraspecific competition can cause animals to forage less selectively (Stephens and Krebs 1986) , in the attempt to sequester as many food resources (i.e., nuts) as quickly as possible (Tong et al 2012) . This expedience comes at the cost of food (nut) quality but ultimately comprises the optimal foraging strategy under these competitive conditions, else the strategy would not be evolutionarily stable (Smith and Parker 1976) . Given that giant rats did not select nuts by quality in the enclosure, it is unsurprising that their foraging strategy (Balancing strategy) in the field was not different from this.
Based on a similar logic to intraspecific competition, we predicted differences between the sexes arising from sexual size dimorphism. Among the sample of rats used in the enclosure experiments, sexual dimorphism was evident among giant rats (n = 20, t = −3.201, P = 0.005; male 510.6 ± 17.5 g, female 436.5 ± 15.2 g) but not in white-bellied rats (n = 20, t = 1.018, P = 0.326; male 47.1 ± 1.4 g, female 50.0 ± 2.4 g). This fits theory, where there is a tendency for sexual size dimorphism to scale with body size (Reiss 1986 ). Nevertheless, we did not observe any significant differences in discrimination behavior between larger male and smaller female giant rats. This was contrary to our expectations, but plausibly because we conducted our experiments in the autumn, any differential in male versus female foraging behavior was suppressed by an overwhelming drive to hoard nuts for the winter (Korslund and Steen 2006) .
In conclusion, we demonstrate here that nut examination can enhance the ability of granivorous species (here rats) to discriminate nut quality and maximize caloric return. However, foraging strategies adapt to accord with the extent to which species are susceptible to key extrinsic pressures, and thus maximizing strategies become modified to optimizing strategies. To our knowledge, this is the first study to provide a quantitative, statistical assessment of the mechanistic behavior that underlines the functional response arising from food quality discrimination in rodents. Importantly, we show that predation risk and competition can alter foraging behavior and thus evidence that there is an ecological community effect on seed harvesting and consumption. In turn, this can lead to ecological feedback, where seed fates and seed dispersal affect plant recruitment right up to the community level (Morán-López et al. 2015) . Our study also highlights that observations of foraging behavior conducted in captivity may give a false impression of the mechanisms involved in food selection, because the animal is not operating under natural conditions including predation and competition.
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